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1. 0 INTRODUCYL.A

In munition manufacturing facilities, reinforced concrete dividing
walls are used as shields for personnel protection and as physical barii-
ers between explosive production steps. If an explosion should occur,
the dividing wall may break up under the overpressure loading. Fragments

emerging from the back side of the wall may impact an adjacent explosive
source with sufficient energy to cause a secondary initiation, or may be
a hazard for nearby inhabited buildings. The sensitivity of selected muni-
tions and explosives to fragment impact is being investigated and sufficient
data are available to predict threshold initiation conditions. However, the
fragment hazard associated with wall breakup under blast loadings is an area
which has not been extensively studied. Current predictive techniques for
determining wall fragmentation are based solely on analytical studies which
have limited scopes and few practical design applications. For these rea-
sons, the current safety regulations -which have evolved are quite conser-
vative:

1) building must be located such that less than onE fragment
per 55.7 mn2 (600 ft2) exposed building area with an energy

greater than 78.6 J (58 foot pounds) strikes the structure;

2) if the above, criteria (1) cannot be met, then inhabited
building distance of 381 in (1250 ft) minimum is required
for siting quantities greater than 45.4 kg (100 1b).

In the majority of design applications, the spall fragment density
is not known, so the second and most costly requirement is usually enforced.

The objective of this program was to determine the fragmentation
characteristics of reinforced concrete and masonry dividing walls subjected
to close-in blast effects. A literature search and review of related pro--
grams was performed. A model analysis was also developed as part of this
program. A test plan was developed based on the model analysis and on a
review of the pertinent data. Validation tests using 1/6th-scale reinforced
concrete dividing wall models and. full scale masonry walls were performed
and the pertinent data recorded. Comparisons of the experimental versus the
predicted results were performed and predictive models developed.

This report is divided into five major sections. Section 2.0 de-
scribes the experimental program, including the development of the test
plan, the test set-up, fabrication of the 1/6th-scale model walls, and
the data coll.ection and reduction procedures. Section 3.0 presents the
results of the experimental program for both the reinforced concrete and
masonry walls. The effects of varying wall thickness, reinforcement, con-
crete strength, charge location and impulse on the fragmentation charac- ;1
teristics of reinforced concrete are all discussed in this section. Sec-
tion 4.0 presents conclusions, while Section 5.0 presents recommendations
and Section 6.0 is the list of references. The results of the literature
search and review of related programs as well as the details of the model
analysis are presented in Appendix A.



2.0 EXPERIMENTAL PROGRAM

2.1 General

The objective of this test program was to obtain the fragmentation
characteristics of reinforced concrete dividing walls and masonry divid-
ing walls subjected to transient air shocks. Fragment data such as f rag-
ment velocities, shapes, sizes, and density downrange were obtained for
1/6th-scale model reinforced concrete dividing walls and for full-scale
masonry block dividing walls. The tests on the reinforced concrete walls
were performed varying the wall thickness, reinforcement bar spacing, waill
support conditions, charge weight, and standoff distance. The tests on the
masonry block walls were performed varying only the charge size and standoff
distance. Fragment velocities were measured for all tests using high-speed
cameras, and the fragments themselves were recovered using a fine sand
runway. Fragment downrange positions were recorded and each individual
fragment was weighed and sized.

2.2 Fabrication of Reinforced Concrete Model Walls

In selecting a representative scale model dividing wall, consider-
able research was performed to obtain the physical dimensions of a full-
scale dividing wall. It was found that dividing walls range in thickness
from 15.24 cm (6.0 inches) to several feet, in height from 2.44 to 4.57 m
(8.0 to 15.0 feet) and in width from 2.44 to 6.1 m (8.0 to 20.0 feet).
Most dividing walls have vertical and horizontal reinforcement bars [No.
4 rebar at 30.48 cm (12 inches) centers] and may or may not have lacing.
TM 5-1300 (Reference 1) requires that newer walls have lacing; however,
for this program it was decided to limit the study to walls with vertical
and horizontal reinforcements without lacing. Four full-scale wiall de-
signs were selected as being representative of dividing walls and they
include the following:

1) 2.44 m x 2.44 m x 0.3 m (8 ft x 8 ft x 1 ft) with No. 4
rebar at 30.5 cm (12 in) centers

2) 2.44 m x 2.44 m x 0.3 m (8 ft x 8 ft x 1 ft) with No. 4i
rebar at 15.2 cm (6 in) centers

3) 2.44 m x 2.44 m x 0.46 m (8 ft x 8 ft x 1.5 ft) with No.
4 rebar at: 30.5 cm (1-2 in) centersK 4) 2.44 m x 2.44 m x 0.46 mn (8 ft x 8 ft x 1.5 ft) with No.
4 rebar at 15.2 cm (6 in) centers.

As previously mentioned, it was decided to use 1/6th-scale model walls
and the corresponding 1/6th-scale model walls had the following dimnen-
sions:

1) 0.46m x 0.46 mi x 5.1 cm (18 in x 18 in x 2 in) with
0.21 cm (0.083 in) wire at 5.1 cm (2 in) centers
(Design No. 1)

2
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2) 0.46 m x 0.46 mn x 5.1 cm (18 in x 18 in x 2 in) with
0.21 cm (0.083 in) wire at 2.54 cm (1 in) centers
(Design No. 2)

3) 0.46 m x 0.46 mn x 7.62 cm (18 in x 18 in x 3 in) with
0.21 cm (0.083 in) wire at 5.1 cm (2 in) centers
(Design No. 3)

4) 0.46 mn x 0.46 m x 7.62 cm (18 in x A8 in x 3 in) with
0.21 cm (U.083 in) wire at 2.54 cm (1 in) centers
(Design No. 4).

In fabricating the 1/6th-scale model walls, 14 gage [0.21 cm (0.083 in)
diameter] galvanized steel wire was used to simulate the reinforcing
bars. It was felt that the bond between the rebar and the concrete in
the full-scale walls was important enough that an attempt to model the
deformations on the full-scale rebar should be made. Therefore, a knurl-
ing tool was used to deform the 14 gage wire. Figure 2-1 presents a
picture of the deformed wire. Yield and tensile strength tests were
performed on the deformed wire and the yield strength was found to be
404.4 MPa (58,700 psi) and the ultimate strength was 451,3 MPa (65,500
psi) with a percent elongation of approximately 14 percent. These
strengths were judged to be acceptable and this particular type of wire
was used in all of the scaled reinforced concrete walls.

A number of concrete mixes were also evaluated in an effort to
obtain a concrete and scaled aggregate which would give the necessary
compressive strength of approximately 27.6 MPa (4,000 psi). Table 2-1
presents a summnary of the various mixes which were tested. Included in
this table are the results of '..,e compressivre strength tests performed
on each type concrete. Initially, the decision was made to use a Port-
land Type III concrece which is a fast setting, high strength concrete.
However, the compr~essive strengths for the mixes using Type III concrete
were either too high or the mix was too thick and would not flow. It
was decided to use Type I concrete instead of Type III because the Type
I would attain lower strengths than the Type III, i.e., in the neighbor-
hood of 27.6 MPa (4,000 psi) after a seven day cure, and the strength
would not increase appreciably over a several month time span. Tests
No. 3, 4 and 5 were performed using different aggregate, sand, and con-
crete ratios and also by varying the amount of wa~ter. The resulting
mixes were found to be either too thick or the strength was too low.
1wo more concrete mixes were tested, Tests No. 6 and 7. These mixes
were fluid enough to allow for easy pouring into the molds for the
scale walls and the strengths; specifically Test No. 7 was acceptable.

Molds for the reinforced concrete walls were composed of a rec- 7
tangular plywood frame which was designed to be reusable. Each mold
had a series of holes drilled into the sides which accepted the scale
rebar and held it in position at the proper depth in the wall, about
6.35 umm (0.25 in) from the surface of the wall. Figure 2-2 shows a

* completed mold with both vertical and horizontal rebar. The concrete
was poured into the molds such that an approximate layer of concrete,

*1 6.35 mm (0.25 An) thick, covered the rebar on both the front and back
sides of the wall. Compression test coupons were poured every time

3
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FIGURE 2-2. FABRICATION MOLD FOR REINFORCED CONCRETE PANELS
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that walls were poured to allow the det~ermination of the walls' compres-
sive strength at the time of tescing. The test walls were allowed to
cure for at least seven days prior to testing.

A test fixture was designed to allow for testing the scaled model
reinforced concrete walls in two support configurations, i.e., one side

k supported and three side supported. A design drawing of the mounting
V fixture has been included in this report as Figure 2-3. This fixture

consists of a 15.24 cm (6.0 in) deep horizontal bracket and two remov-
able 7.62 cm (3.0 in) deep side brackets. Walls to be tested with one
side fixed were mounted in the horizontal bracket. For tests with three

¶ sides fixed, the vertical side brackets were attached to the fixture and
the wall was then slipped down between the two side brackets and into the
horizontal bracket. Shims were used to secure the~ wall rigidly inside
the frame, both at the sides and at the bottom. Figure 2-4 shous a wall
support~ed on one side, at the base, simulating a wall fixed at tb.. bottom

and Figure 2-5 shows a wall supported on three sides.

2.3 Fabrication of Masonry Block Dividing Walls

The pi~mary eiwphasis of this program was on. fragmentation of blast
loaded reinforced concrete walls, however, a 1im..ted test program, i.e.,
four tents, was conducted on masonry block dividing walls. Due to the
difficulties associated with fabricating 1/6th-scale model masonry bloc~ks
and the complexity of the molds that would have to be built, it was de-
cided to use full-scale masonry blocks. The walls fabricated were 163
cm (64.0 in) wide, 142 cm (56.0 in) high and~ supported only at the base.
A review of design drawings for typical masonry walls showed that these
walls normally have No. 6 rebar at 122 cm (48.0 in) centers as well as a
wall/foundation tie-down. The masonry block dividing walls built for
this program had this reinforcement as shown in Figure 2-6. Two divid-
ing walls were built using the standard haydite blocks and two walls were

* I built using the stronger concrete blocks. Each of the walls was allowed
to cure for at least three days prior to testing. The two tests performed
on the haydite block walls used the same charge weight, 0.454 kg (1 lb)
of C-4 explosive; however, the standoff distance was varied. One of the
tests on the concrete block wall was performed using 0.454 kg (1 lb) of
C-4 charge and at the same standoff as the haydite block tests foz com-
parison purposes and the second test was performed using a. 1.362 kg (3.0 A
lb) of C-4 charge. Details of the test program are provided in a later
section.

4,

2.4 Test Setup and Procedures

A detailed test program was developed for this study and is sum-
marized In Table 2-2. Tests were conducted varying the reinforced con-
crete wall thickness, the percent reinforcement, the charge size, the
standoff distance and the constraint conditions. Thn initial values
for the peak specific impulse delivered to the panels were calculated

7 V
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4 using the TM 5-1300 criteria given in Appendix A as equation (A-2).
The actvlal standoff distances and charge weights employed in these tests

I ~were determined from the impulse versus scaled distance curves in Ref er-
ence 2. The tests were conducted utilizing the test setup and procedures as
described below.

The setup used for the testing of the reinforced concrete wall3
consisted of a mountin~g fixture, a fragment recovery pit, camera emplace-
ments, velocity grid sheets, and an explosive charge support frame. The
fragment recovery area consisted of a fine sand runway 4.9 m (16.0 ft)
wide and 33 m (108.0 ft.) long, and the support frame was mounted at the
head of this recovery area. The tes~t setup is shown schematically in
Figure 2-7. A &ridded background was positioned directly across from~
a hi&h-speed camera anti a witness camera, used in determining fragment
velocities. The high-s;peed camera normally was run at 400 frames per
second while the witness camera was run at 64 frames per second. The
scale model wall was divided into quadrants and each quarter was painted
with a different color, i.e., blue, green, red, and white, in an effort
to determine better the fragmentation pattern downrange, i.e., which
quadrant did the fragments come from, and how many fragments were pro-
duced from each quadrant. Briefly, the test sequence consisted of mount- -

ing the test wall in the support frame, loading and positioning the cam.-
eras across fgmth ridded backgound, and then positioning the C-4
explosive charge. For the majority of the tests, the C-4 charge was po-
sitioned 0.18 m (0.6 ft) from the base of the wall to simulate a charge 1o-
cated 0. 9 m(3.0 ft) f rom the f loor of a f ull-scale building. Af ter the charge
was detonated, the resulting fragments were numbered, their position in
the recovery pit was recorded, and the fragments were collected for later
data reduction. The data reduction consisted of sizing and weighing each
fragment, determining whether the fragments were chunky, i.e., large drag
area and a very small lift area, or pancake, i.e., large lift 3;:ea and a
small drag area, and determining the fragment velocities. As previously
mentioned, the high-speed camera and the gridded background were used to
determine fragment velocities. The velocity of a fragment was calculated
by measuring the ti~re, i.e., the number of frames on the high-speed film,
that it took the fragment to travel a specific distance as referenced on
the gridded background. Since the gridded ba~ckground was 1.2 m (4.0 ft)
from the center of the panel, the distance traveled by a fragment as
measured on the grid vas adjusted to account for the depth of field
errors. For example, Figure 2-8 shows a setup for a typical test, with
the cameras located 6.6 m (21.5 ft) from the center of the test wall,
a~nd the gridded ba~ckground located 1.2 m (4.0 ft') from the center of the
wall. If the fragment traveled 1.2 m (4.0 ft) as referenced by the grid,
the fragment will actually travel only 0.85 m (2.8 ft). Whenever possi-
ble, velocities were calculated for several fragments for each test. A
summary of the velocities for all of the tests is given in a later sec-
tion of this report.

13
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3.0 TEST RESULTS

3.1 General

Tests were conducted against 1/6th-scale reinforced concrete waill

and against full-scale masonry blcck walls during this program. In each
test, the fragment velocity was recorded using high-speed 16 mm cameras.
The fragments were collected in a fine sand runway and the mass, dimen-
sions and range traveled for each fragment were recorded. In addition,
the geometric shape of the fragment, and the color of the fragment was
recorded. The information collected on each test was entered into a
computer for data reduction. Because of the large number of fragments
collected in these tests, it is impractical to present all of the data
collected during this effort. Instead, statistical summaries of the
fragments collected and variations in the maximum responses will be

presented.

3.2 Reinforced Concrete Panel Test Results

Failure Patterns

Appendix B presents a detailed description of the results of each
test, with emphasis on the panel failure patterns. Panel failure modes
are quite complex, and depend primarily on the impulse applied to the
panel, the edge conditions, wall thickness, amount of reinforcing, and
the concrete strength. As the impulse applied to the panel is varied,
the wall response can vary from little or no response, incipient spalla-
tion, localized spallation similar to ballistic plugging behavior, mas-
sive spallat!on and even the shearing of the panel out of its support.
Panels supported on one edge often have a tendency, at moderate impulse
levels, to fail at the base so that the panel undergoes a net rotation,
away from the charge. Usually, the panel perimeter is relatively intact
except at the center where a localized .rolume of interior concrete* and
a large portion of the surface concreitet has been ejected. As the im-
pulse level is increased, the panel will often fail both at the bottom
support and on a line parallel to the bottom support near the level of
the charge as is shown in Figure 3-1. This type of dual. hinge failure
is associated with a large number of high velocity, but moderate mass

*Interior fragments - fragments origInating from the concrete between
the reinforcemant layers. Generally, these fragments are chunky and
of a size less than the reinforcement spacing.

tSurface fragments - fragments originating from the thin layer of con-
crete between the panel surface and the nearest reinforcement layer.
Generally, they are pancake shaped.

16
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FI-GURE 3-1. D)UAL HINGE FAILURE OF A SINGLE SIDE SUJPPORTED
REINFORCED CONCR~ETE PANEL
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fragments. At higiier impulse levels, the wall is sheared completely
from the support. Often major pieces of the wall (1/4 to 3/4 of the
panel) remain intact and can travel substantial distances, albeit at
low velocities. The trajectory of these extremely large fragments is
very flat so that they usually roll end over end, much like a wheel.
Also associated with these high impulse tests are a very high number
of fragments, many with significant and potentially damaging masses
and velocities.

Panels supported on three edges exhibit failure patterns that
are markedly different than panels supported only on one edge. At low
impulse levels, the panels fail at all three supports and at the cen-
ter along a line parallel to the two upright supports. A small volume
of interior concrete and a large portion of the surface concrete is
usually ejected as was the case in the test panel shown in Figure 3-2.
As the impulse increases to moderate levels, more fragments with larg-
er masses and higher velocities are ejected. At large impulses, the
panel may shear completely off at the supports as was the case in Test
36 (see Figure 3-3). In this test, the lower two quadrants were mas-
sively fractured and moat of this material has separated from the bulk
of the panel. The upper right quadrant tumbled in a low trajectory
and landed 17 mn (56.0 ft.) downrange. The top left quadrant traveled
in a low trajectory to a point 4.3 m (14.1 ft) downrange.

3.3 General Summiary of Test Results

For each test, a general sunrary of the test results was prepared.
This suimmary contains information about all aspects of the tests includ-
ing a description of the panel, the charge and the fragments produced.
The fragment characteristic summary contains the number of fragments re-
covered, the average and largest mass, the average and the longest range
f or each of three fragment categories: source, shape and total. "Source"
refers to the probable origin of the fragment. Possible sources are in-
tenior fragments, fragments from the acceptor side of the panel, and
fragments from the front face of the panel. This latter category is
further subdivided into quadrants of the panel from which the fragments
originated, as determined by the fragment color. The bottom quadrants
were painted red or white, and the top quadrants were painted blue and
green. The shape category has two possiblitieu: "chunky" or "pancake."
A fragment is characterized as being a "pancake" if the ratio of the
largest fragment dimensions to the smallest dimension e~ceeds 2.0. All
other fragments are considered "chuoa~y." The final fragment category iR
labeled total. As its name implies, this category summarizes the data
collected for every test.

The general test summaries are found in Appendix C organized by
test number. Several general. observations can be drawn from the
summaries in Appendix C. First, all "pancake" fragments usually out-
number "chunky" fragments by a better than 2 to 1 margin. However,
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the "chunky"'fragments average range is al-most always greater than the
average range of the "1pancake" fragments. In single side supported
tests, the average range for "chunky" fragments averaged approximately
1.75 times that for "pancake" fragments. In three side supported tests,
"chunky" fragments averaged only 1.2 times the "pancake" fragment aver.-
age range. Fragments originating from the interior of the pa'nel or from
the front facethe painted side, each represent about 40% of the f rag-
ments generated on a given test. The remaining 20% originate from theL acceptor side of the panel. On tests where the charge was centcred on
the exposed part of the wall (Tests 1, 2, and 3), the majority of the
fragments originate from the lower two quadrants, i.e., about twice as
many fragments originated from the lower half of the panel as from the
upper portion of the panel. 'When the charge was lowered to one-third
the height of the panel, the majority of the fragments originated from
the lower quadrant, i.e., approximately three times as many fragments
were produced from the lower quadrants c' the wall as from the upper
quadrants,

3.4 Fragment Mass Distributions

The mass distribution of fragments emanating from the reinforced
concrete walls are plotted in Figures 3-4 through 3-8. The format of
the curves is the same as used in arena tests of bombs and large caliber
projectiles: Mott distribution (Reference 3). These curves consist of
plotting the number cGf fragments with a mass greater than a given mass,
M. The mass distributions are plotted in several sets depending on the
wall strength, the charge placement and the number of sides supported.
The test series number in the plot title (see Table 2-2), is used to
group tests with similar panel geometry. For example, test series 3
consists of all single side supported panels, 7.62 cm (3.0 in) thick
and rebar spacing of 2.54 cm (1.0 in). If the charge was centered on
the panel, a "C" is appended to the test series number. If the panel
strength, as measured in static compression, exceeds 27.6 MPa (4000
psi), an "S" for strong is appended to the test series number. Other-
wise, a "W" for weak is used. Figure 3-4 presents the mass distribu-
tions for the three tests with the charge centered on the panel. Fig-
ures 3-5 and 3-6 present the mass distribution for weak and strong
panels supported on one edge. Figures 3-7 and 3-8 present the same

1J. distribution for weak and strong panels supported on three edges. The
effect of panel strength on mass distribution can be observed by com-
paring the data for Test 4 [fc' - 9.2 NPa (1330 psi)] and Test 9 [ic'
33 MPa (4800 psi)] (See Figures 3-5b and 3-6b). The two curves are near~-
ly parallel with the weaker panel producing more fragments in each size

T. range than the strong panel for the same impulse applied to the panel.
The effect of reinforcement spacing can be observed by comparing Tests
8 [Rs - 2.54 cm (1.0 in)] and 9 [Rs - 5.09 cm (2.0 in)] (See Figures
3-6a and 3-6b). Again, the curves are essentially parallel with the
tests using widely spaced rpbar producing more fragments than in the
closely spacet! rebar tests. The effect of panel restraint can be
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observed by comparing Tests 21 'three side supported) and 17 (one side
supported). In this case, three side supported panels p'oduced more
fragments in each mass range. The effect of increasing the impulse can
be clearly seen on Figure 3-6d. Each test corresponds to an increasing
total impulse level ranging from 2.53 x l05 to 6.18 x 105 Nt-sec (56,900
for Test 10 to 139,000 lbf-sec for Test 18). Note that Test 18 had a
1.362 kg (3.0 lb) charge while the remaining tests had 0.454 kg (1.0
lb) charges. In summary, more fragments at each mass level are produced,
all other parameters held constant, when:

* the total impulse applied to the panel is increased,
* the panel compresvyJve strength is decreased,
0 the reinforcemernt Npacing is increased, or
a the number of supporting edges is increased.

3.5 Fragment Range Distributions

Fragment range distributions are presented in Figures 3-9 through
3-13 in a format similar to that used to present the mass distributions.
Figure 3-9 presents the range distributions for tests with the explosive
charge centered on the panel. Figures 3-10 and 3-11 present the range
distributions for weak and strong single edge supported panels. Figures
3-12 and 3-13 are the range data for weak and strong panels supported on
three edges. The effect of varying the various test parameters on the
range distribution was examined using the same tests for a comparison
basis as in the mass distribution discussion. It was found that i1re
fragments at each range level were produced when:

a the total impulse was increased,
* the panel compressive strength was decreased,
* the reinforcement spacing was increased, or
* the number of supporting edges was increased.

The ranges presented in this section represent ,1/6th-scale test results.
Direct extrapolation to full-scale range is not possible since the accel-
eration due to gravity was not properly scaled. The qualitative results,
that is, the effect of changing the various test parameters, are thought
to be accurate.

3.6 Velocity Distributions

Table 3-1 summarizes the fragment velocity data accumulated dur-
ing this program. The number of fragment velocities reduced for each
test range from one to ten readings, which is a small percentage of the
total number of fragments produced on a test. The fragments selected
were chosen to obtain a cross section of the velocities present on each
test, but the choice of fragments selected was biased towards the fast-
est fragments to ensure that the highest velocity was reduced. For this
reason, no statistical analysis of fragment velocities was performed.
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Table 3-1. Fragment Velocity Computation Summ~ary

- Frvassat V '.ocity. (We)

NO. Hyvas 1 2 3 6789t

1 1 1.1.278

2 6 10.881 12.192 13.686 24.171 33.558 41,636

3 2 14. 763 19.964

4 6 10.546 13.716 15.880 16.398 20.604 26.243

5 6 4.785 5.852 9.906 10.028 10.119 15.850

6 1 1.494

7 5 3.734 10.546 13.106 13.137 24.018

8 3 7.437 5.502 4.886

9 a 6.9799 8.0467 9.845 11.491 17.922 18.166 19.599 20.025

10 3 4.023 8.5039 9.388

11 5 5.425 8.839 13.545 15.545 19.233

12 7 2.518 4.694 7.559 10.790 10.820 10.820 20.361

13 a 2.883 6.492 8.809 9.997 10.424 20.513 26.944 31.364t

14 1 11.186

15 7 4.572 15.453 19.416 19.660 20.269 21.732 23.652

16 6 1.981 2.874 3.627 4.237 5.425 t.839

17 7 6.919 7.193 9.845 12.466 12.527 15.240 20.086

18 7 22.372 27.310 31.242 31.852 32.796 33.101 35.692

19 5 6.949 9.601 10.241 11.460 11.582

20 7 4.877 6.157 8.108 10.942 11.064 11.918 12.954

21 a 4.115 5.761 6.066 6.828 8.656 8.748 14.387 17.556

22 7 3.475 10.577 11.399 13.198 13.807 14.173 15.240 1

23 8 6.858 9.296 10.698 16.855 20.665 24.933 26.396 27.80

24 9 8.443 9.083 1.~.758 16.734 18.318 18.959 19.812 19.873 20.726
25 8 7.071 16.124 18.898 21.092 23.927 26.792 26.853 28.011

26 10 2.774 3.170 5.090 12.131 15.545 15.850 19.141 19.568 20.391 23.470

27 7 3.292 4.328 4.572 4.633 5,486 7.224 9.632

28 3 6.404 6.440 7.437 Q

29 6 7.193 7.346 7.894 8.595 10.241 13.045

30 6 10.638 11.156 12.405 12.893 13.198 13.807

31 5 3.962 7.620 8.199 12.616 12.774

32 3 3.078 3.685 8.382

33 3 2,569 2.905 7.166

34 4 4.451 6.949 8.217 10.272

35 S 13.106 14.905 21.610 27.554 35.052

36 8 4.907 12.710 16.002 21.031 21.031 26.274 27.005 31.181
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3.7 Maximum Responses

In the following paragraphs the largest velocity, range and mass
observed in the reinforced concrete tests will be discussed. These re-
sponses are given in Tables 3-2 and 3-3 for the single and three side sup-
ported test series. The responses are presented graphically in an empir-
ically derived format. The plots are all a function of a parameter which
we call the impulse factor. Equation 3-1, the impulse factor, is defined
as the total impulse applied to the panel ITOT, divided by the square root
of the effective panel thickness. The effective thickness is, in turn,
defined as the total panel thickness, t, minus the amount of concrete cov-
ering the rebar on the front (painted side, opposite the charge) face of
the panel, d . I

Impulse Factor = . (3-1)

In some cases, a scaled impulse factor, defined as the impulse factor
divided by the square root of the explosive weight, is used. In each case
two plots are given, one for strong [fc > 27.6 MPa (4000 psi)] panels sup-
ported on one edge and one for the panels supported on three edges. Also in
figures which follow, 1.362 kg (3.0 lb) charges are denoted by a plot symbol
which has been colored in; 0.454 kg (1.0 lb) charges are open and 0.227 kg
(0.5 lb) are partially colored.

The total impulse was obtained by integrating the impulse distri-
bution over the surface of the panel. Reference 4 provides some experi-
mentally derived curves which give the impulse distribution over a plot
surface as a function of the scaled standoff distance. The curves from
Reference 4 were curve fitted to obtain a mathematical expression which
can be used to evaluate the impulse at any one point on the panel sur-
face. The resulting curve fit expression is given by equation (3-2) and
is displayed in Figure 3-14.

I (Z,4) = exp (A Sech (B)), ( bl/sec (3-2)

1/31T)
\ /l

where A = 5.232 - 1.627 ln Z + 0.3346 (in Z)
B = [0.751 + 0.0958 Z - (0.134 + 0.0211 Z) p]
Z = Scaled standoff distance, in ft/1b1 / 3

S= Scaled position, X/1R, (see insert in Figure 3-14).

This equation can be used to obtain reasonable estimates for the impulse
at any point on a flat surface subject to the following constraints:

Scaled distance: 0.3 < R/Wl/ 3 < 3.0, ft/lbl/3
Scaled position: 0 < o < 3.0
Charge weight: 0.5 < < 3.0, lb

To obtain the total impulse acting on the panel, equation (3-2)
was integrated over the surface area of the panel. For a square panel
with a length of one side of X, and the charge located at one half the
height of the panel, the total impulse is given by:
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£ I 4 dx dy (3-3)

0 0

Equation (3-3) cannot be integrated directly, so the numerical procedure
given by equation (3-4) was devised. As long as Ax and Ay are sufficient-
ly small, equation (3-4) will provide a reasonably accurate estimate for
the total impulse acting on a panel.

Y,/2 1/2

TOT 4 Ax Ay (3-4)

xfo y=o

The total impulse was calculated for each of the 36 reinforced concrete
tests using Ax and Ay of one-hundredth of the length of one panel side.
The total impulse for the one and three side supported panels was sum-
marized in Tables 3-1 and 3-2.

3.7.1 Largest Velocity

Figures 3-15a and 3-15b present the largest velocity data for the
single and three side supported tests. In both cases, the largest velo-
city increases roughly linearly with the impulse factor, ITOT. Both
sets of data were curve fit and the resulting linear equations are shown
on the respective plots. Also shown on the figures are the standard
deviation a, and the multiple correlation coefficient r of the curve fits.
The fit for the three side support curve is better than the ona for one edge
supported, as evidenced by the lower standard deviation and multiple correla-
tion coefficient. At low impulse levels, the largest velocity is about the
same for both kinds of supporting arrangements. For high impulse levels, above
approximately 14.0 x 105 Nt-s/m½ (1.8 x 105 psi-s/ft½), the largest velo-
city for three side supported panels begins to exceed that for the single
side supported panels. Note that the 0.227 kg (0.5 lb) and 1.36 kg (3.0
lb) charges on both graphs follow the trend line of the 0.454 kg (1.0 lb)
charge data.

3.7.2 Largest Range

Figures 3-16a and 3-16b present the curves for the largest range
for fragments emanating from panels supported on one and three sides.
The use of the scaled range defined as the largest range RL, divided
by the rebar spacing RS, appears to correlate the test data adequately
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od

with the scaled impulse factor for the single side supported panels, andthe impulse factor for the panels supported on three sides. This implies

that at equivalent impulse levels, the largest range will be about twice
as long for panels with rebar spacing of 5.08 cm (2.0 in) as than for panels
with Rs = 2.54 cm (1.0 in) at equivalent impulse levels. Although the
graphs are on different scales, it is clear that the largest range for
fragments emanating from three side sunported panels exceeds that of the
panels supported on one edge. The difference is negligible at low im-
pulse levels, but increases as the total impulse on the panel increases.
The curve fit for the three side supported panels is better than that for
the cantilevered panel data as evidenced by the higher multiple correla-
tion coefficient.

3.7.3 Number of Fragments Produced

Figures 3-17a and 3-17b present the curves for the number of frag-
,bients produced from panels with one and three side.ýsupported. The data
were found to correlate well when the number of fragments, Nf, divided
by the rebar spacing, R., was plotted as a function of the scaled im-
pulse factor for cantilevered panels, and the impulse factor for the
panels supported on one edge. This implies that at equivalent impulse
levels, the number of fragments produced in tests with RS = 5.08 cm
(2.0 in) will be roughly twice that for panels with RS - 2.54 cm (1.0

3.7.4 Largest Mass

Figure 3-18 presents the curves for the largest mass i.ecovered j
in experiments with the cantilev red and three side supported panels.
The y-axis on the plots is the largest mass, ML, divided by the rebar
spacing, RS. The x-axis is the scaled impulse factor for the single
side supported panels or the impulse factor for the three side supported
panels. The data correlation is better for the largest mass for the
three side supported panels as evidenced Ly the higher multiple correla-
tion coefficient. It is vpparent that at equivalent scaled impulses, the
largest mass produced in experiments with reinforcement spacings Of 5.08
cm (2.0 in) will be roughly twice that for tests with RS 2.54 cm (1.0 in).

3.8 Masonry Wall Test Results
Four tests were performed on full-scale masonry walls, two tests on

"walls built using haydite blocks and two tests on walls built using con-
* I crete blocks. Summaries of these four tests were prepared and have been

included here as Table 3--4. Included in thesa summaries are a description
of the wall parameters, charge size, otandoff distance, impulse, number of

,, fragments recovered, maximum fragment range, maximum fragment mass, average
4 fragment velocity, and a short description of the test results.
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Test No's. 37 and 38 were performed on wails built using hiaydite
blocks. Test No. 37 was performed using a 0.454 kg (1.0 lb) charge at a

A." standoff distance of 0.38 m (1.25 ft). The wall was severely cracked and
deformed at the top, but the lower i-ows of blocks were fairly intact, as
caii be seen in Figure 3-19. Test No. 38 was performed using a 1.362 kg
(3.0 lb) charge at the same standoff distance as that of Test No. 37.
Since the scaled impulse was significantly higher, a greater degree of
fragmentation was expected and did in fact result. A total of 229 frag-
ments were produced, with the majority of the fragments coming from the '
center of the wall.

Test No's. 39 and 40 were performed on walls built with the con-
crete blocks. Test No. 39 was performed using the same charge weight and
standoff distance used in Test No. 37 in order to obtain a comparison be-
tween the haydite and concrete blocks. A total of 78 fragments were pro-
duced in this test, with the majority of fragments originating from the
center of the wall (see Figure 3-20). Several complete blocks were
launched downrange and only the side columns remained upright. Test No.
40 was performed using a 0.454 kg (1.0 lb) charge and a standoff distance
of 0.3.m (0.98 ft). No fragments were produced; however, the wall did
sustain a vertical crack at the wall center.

Even though a very limited number of tests on masonry walls were
performed, some observations and general conclusions can be drawn:

1) the masonry block walls do not break up as
drastically as do 'the reinforced concrete
walls,

2) fragments produced have a much low.r velocity
than do fragments produced from reinfurn'ed
concrete walls, and

3) masonry wall fragments have 4ý much shorter
range.

4
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FIGURE 3-19. FAILURE PATTERN FOR A HAYDITE BLOCK

DIVIDING WALL TEST
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4.0 CONCLUSIONS

A small scale test program of reinforced concrete and masonry
dividing walls was performed in order to determine the fragmentation
characteristics of the reinforced concrete and masonry walls subjected
to close-in blast effects. Parameters of prime importance were: frag-
ment velocity, fragment shape and size, and fragment density downrange.
This test program has been the most highly documented wail Xgmentat-on
test program to date and several important iniovaLions , .ode. The
color coding of the wall panel allowed Lne OridiLL of the fragments to be
recorded. Complete documentation of cvery fragment collected including
fragment dimensional size, mass. ýhape and recovery location enabled sta-
tistical evaluation of --'t1 ;:oris that was formed in each experiment.

Based on th.EŽ fiagi,,wnt characteristics data generated during these
experiments on rolforced concrete panels and masonry walls, a number of
general conc:lusions can be drawn which could be beneficial to designers:

* Fragments produced as a result of a dividing wall failure
can be classified as either "chunky" or "pancake" in shape

with the "chunky" fragments traveling 20 to 50 percent
further than the "pancake" fragments.

* A wide range of velocities and initial trajectory angles
are present in every test, however, the predominant tra-
jectory of the higher velocity fragments is normal to the
panel surface.

e Walls supported on three sides as compared to cantilevered
walls were found to present the greatest hazard due to higher
fragment velocities at equivalent impulse levels.

e For charges located aL one-half of the height of the panel
above the grou.id, approximately twice as many fragments
originated from the lower half of the panel as from the upper
half. In addition, it was found that the panel underwent a
net rotation, prior to fragment ejection, thereby directing
the majority of the fragments into the ground.

9 For charges located at one-third the height of the panel above
the ground, i.e., simulating a charge located 0.9 m (three feet)
from the floor of a full scale building, three times as many
fragments originated from the lower half of the panel as f-om
the top half with a greater number traveling downrange.

* Masonry block walls do not fragment as drastically as do re-
inforced concrete walls. The fragments generally are quite
large, often consisting of one or more complete blocks, but
the velocities and ranges appear much lower.
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Based on the statistical distributions of fragment range, mass,
ail, vel1.xziLy, the following conclusions can be drawn:

a Fragments emanating from the interior of the panel comprise
4 0% of the number of fragments produced in any test. Frag-
ments originating from the front face (opposite the chargF)
comprise another 40% of the fragments. The remaining 20%ý'
of the fragments are produced from the acceptor (charge side)
of the panel.

e Mass and range distributions in the format of Mott Distribu-
tions for arena fragmentation tests were prepared. The re-
sulting distributions for fragment range and mass are quali-F..tatively siLmilar, and similar observations were drawn. More
fragments at each mass level, and more fragments at each range
level are produced, all other parameters held constant, when:

a) the total impulse applied to the panel is increased,
b) the panel compressive strength is decreased,
c) the reinforcement spacing is increased, or
d) the number of supporting edges is incre'ased.

Based on the empirical analysis of the response parameters, the fol-
lowing conclusions can be drawn:

*The total impulse applied to the wall was discovered to be an
important and controlling parameter in wall fragmentation.

e The failure mechanism for cantilevered walls was qualitatively
different than the failure mechanism for walls supported on
three edges.

e The largest velocity was found to be independent of the rebar
spacing, but dependent on the total impulse acting on the wall,
the effective wall thickitess, and the restraint conditions.

e For walls supported on one edge, the total impulse acting on
the wall, the rebar spacing, explosive weight and the effec-
tive wall thickness were the primary factors controlling the
largest range, the number of fragments, the largest mass and
the average mass. The fragmentation hazard, as evidenced by
the number of fragments, the average and largest mass and '
the. largest range, is increased when:

a) the total impulse is increased,
b) the rebar spacing is increased,
c) the panel thickness is decreased,
d) the explosive weight is increased, or
e) the panel compressive strength is decreased.
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Charge weight had no appreciable effect on walls supported on

three edges, outside of controlling the total impulse applied

to the wall. All other fragmentation hazard trends for walls

supported on three sides were qualitatively similar to those

for the cantilevered walls.

* Concrete blocks appear to be superior to haydite blocks in

resisting fragmentation.
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5.0 RECOMMENDATIONS

Based on the results of this program and the subsequent data anal-
ysis, the following recommendations are being made:

0 arger scale, or near full-scale tests on reinforced con-
crete dividing walls should be conducted to verify and im-
prove the empirical scaling laws presented in this report.

* Additional tests of masonry walls should be conducted to
verify the results of the limited test program conducted
here and to improve the scaling laws.

* Conduct experimental programs to investigate m~re fully the
effect of the total impulse on the wall fragmentation pat-
terns. Specifically, investigate the difference between
large charges at large standoffs versus smaller charges lo-
cated closer to the panel.

* Conduct experimental programs to investigate the effect of
off-center charge placement on wall fragmentation.

* Dividing walls should be built with only one side supported
instead of three sides supported to reduce potential f rag-
mentation hazards.

a Design and test the effectiveness of new dividing wall con-
cepts such as:

a) Hollow-walled reinforced concrete dividing wall similar

in design to a masonry block, see Figure 5-la.

b) Solid reinforced concrete walls designed to rotate on

failure as shown in Figure 5-lb. This rotation of the
wall will direct the fragments into the ground thereby
reducing the potential fragment hazard downrange.

* The data collected on this program are quite extensive, how-
ever, all aspects uf the data hrave not been analyzed. It is
recomme'--ed that formal statistical distributions of the mass,
and rangL- as a function of the fragment origin, o- fragment
shape be performed. Polar plots or fragment density contours
should be produced. The effect of the concrete compressive
strength should be formally introduced into the empirical
analysis, as well as attempts to correlate the test results
with full-scale test data or analytical procedure~s. These
topics are suggested for further data analysis.
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I ... 5-.. SUGGES WL

a) Hollow Reinforced Concrete Wall

b) Hinge Failure Reinforced Concrete Wall

FxuURE 5-1, SUGGESTED DIVIDING WALL CONCEPTS
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APPENDIX A

A.1 General

Ibis oection of the report sutmarizes the results of the literature
search conducted for this program and presents a model analysis developed
for fragmentation of reinforced concrete. A brief discussion of the uses
of dividing wells and the fragmentation of reinforced concrete has also
been included in this section.

A.2 Background Information

In munition manufacturing facilities, reinforced concrete dividing
walls are used ns shields for personnel protection and as physical barri-
ers between explosive production steps. If an explosion should occur,
the dividing wal! may break up nuder the overpressure loading. Vragments
emerging from the hlack side of the wall may impact an adjacent explosive
soiroe with sufflcicu.'t energy to cause a secondary initiation, or may bc
a hazard fr.r near'by -ihahited bui],ings. The densitivity of selected
munitions and exploro'oas to fragment; impact is being investigated atd
sufficient data a-.e a'Ailabla tc predict threshold itiltiacion conditions
(Reference 1). However, the fragment hazard associated with wall breakup
under ilast loadings i:ý. an aw'ea which has noL bean e.atensivwy studied.
Current predictive te)(1hniqlea for detertainis,, wall fragmentati-n are
baaed solely on analytical atudies which have limited jcopq6 an. few proc-
tical d ,sign ppllcauionas (for =ample, 0. A. Kot in References 2 and 3
provid.s a mcins for calculating splill iraguent thickness and valoeity for
blast-lobded con.rute pnial1.s which hav2 no :ainforciikg). Vor thcse rea-
610UH, tLe 'ýurruit fnafet'y rogulatLions which have evolved are quiLe consul-
vative:

1) bu:1lding must: be locaLed such that lusu tlon one fragmentper 55,7 in/ (6C;' Cft2 ) oxp~ood bullding aroa wi':l', ojn u ''I y
grea:tur thau 78.6 J (58 root IpouLnds) strikes the .1trucLWre;

2) if the above e'turiea (G) cnuot ei meit, then ,InhhLbitud
hulldLj;ng ditHance of .'381 m (1250 ft) mi.n:.ium .l.ti ,.,quired
for Lilting quiutitlet- great or thani 45.4 kg (100 l1),

III tho uiaJo1ity ol' de.sl ul appliwiLionus, Lhu Hpall fragment don-
w~ity is not ;CHnOWl, tit) the fieuond iind i•toit, Qo•t:.1,y 1:.4re~u iausually +
omi oroud,

A, 2.1 Ne ehiniH sinu for rIIIameu V FOrnJu M ion

Whon a ruilrtforced couc)rat,, eluoitt is overloaded by o blaot wave,
the Olu• un.eta fa.l.ls Lfd Collerue tO I'lagV10u1t . are t". ronud . l)epoidl ug on ,hlo
degree of b htis O (vtly.oikd , t uhe lchniinl &i f r l ragwuei t fn I'laltn olmy be
vlther tipalog, H.cAnbh Lng or tha Kognuaniou of pOlst-[a1Ltulte fra,tui'uinLs .

19 ' , J i½ .t

"" W14; P481 M wi.l o!UL4ý.



A.2.2 Spalling of Concrete

One mechanism of fragment generation for concrete or masonry walls
loaded by strong air blast waves can be spalling. This physical process
is well described in the literature (see References 4 and 5), and is shown
schematically in Figure A-I. The reflected air blast wave is transmitted
through the wall as a compressive wave, with velocity UJ and normal stress
a. The shock velocity is somewhat greater than sound velocity in the con-
crete, i.e.,

U > a = (E/p)1/2 (A-1)

c

For some types of masonry, there are data which give U as a function of
shock strength. The wave enters the wall with initial compressive stress
11 - Pr, the reflected air shock overpressure. The profile of stress in
this shock is determined by the time history of the reflected overpres-
sure. As the wave passes through the wall, it may decay slightly [see
Figure A-l(a)].

On reflection from the rear face, the normal stress must drop to
zero, and this boundary condition is accommodated by a reflected tensile
wave which at first exactly cancels the compressive stress in the trans-
mitted wave. But, as the tensile wave continues back through the wall,
a net tensile stress develops, and failure will occur at a location where
this stress exceeds the tensile strength of the concrete, e.g., where o4
or 05 in Figure A-l(b) exceeds teusile strength.

The spalling process we have just described is essentially inde-
pen,ient of wall boundary conditions, provided the wall lateral dLmensloiis
are much greater Lhan the thickncoss, It is predictable, and it is possi-
b.le to estitmatu spall thickness and velocity, if wave profiles and wall
material properties are knuwn. Actual fragment muIssUs cannot be accu-
raLtly plred lcted, however, and one must rely on test rusults to deterrmine
t'hLlSL' ilIsn esH.

I\. 2. 3 Scnb ing ) 1. oL Co i-ic.rt c V

romlle luWfrVnU-0e (0, scabb ILog of rel-'io rcud coicrete uluellln tH :ic de-
Eic riLb d an t:hiv cod rt,su.l.t-of a teuntion 1'ailure in the concre te norimia1 to
1i0 Lfrov f11i'acu. ,S*cabblnlg Is assochited with large defluftlctions which
rCi 'cur hn the ltter iiltLgo-n oif rhu ducLtile ruspousie miiode of !he rlein for cud
coic.reLc tlo emntiL. l t gevrali, the vu.ocitios of' the scabbod f'yrapmgonLu
irLL, 1,,lwe than the velocitieu of spal.l.. ,d froigmnllt i

A. 2.14 Poit'-Fil.11 re Gonicrete 10ragmenLu

]i the ii tlOtL.m wh.re a reinforced contru L, ,lmeoL in Ja Iled by
, x po ure to 0r IIt M iO i1 fil Wla) t owv rload , fragmellnlI are forullid '111d
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dipplaced at higii velocitier (Reference 6). Failure of an element is char-

ecterizej by the dispe.sal of concrete fragments formed by the cracking and

displacemernt of the concrete between thc doncr and receiver layers of ihe
reinforcement. As an element deflects and thL concrete begins to crush,
ihe compression stresses normally resisted by the concrete are transferred
to the reinforcument. With increased deflections, these compression forces
tend to buckle the reinforcemenL outward thereby initiauing the rapid dis-
integration of the element.

The velocity of individu"l fragmients varies and depends on: (1) the

magnitude of the excess impulse defined as the blast impulse minis the flex-

ural impulse capacity of the element (area under the resistancu-time rIrve),
(2) the mass of the fragment, (3) the lecation of the fragment prior to c0l-
laps., (4) the interaction between the fragments during their flight and
(5) the strength and time history of the compressive stress wave transmitted
through the dividing wall as the blast wrve is reflected. 'ithough tte velo-
cities of individual fragments differ, the average translational velocity
Vf of the debris after complete failure can be approximated from the excess
Impulse it, and the momentum of the wall after collapse. Equation (A-2),
taken from Referenne 6, provides . means of estimating thc fragment velo-
cities from the blast impulse and a knowledge of the dividing wall giozietry.

(. 'd( fds + Cf 2 (A-2)'11i = u ( Hf

wherv 'b - applied utnit blast impulse

P)I - reirnforcemuot ratio in the horizonLal direction
dc kl distane beLweeo the controids of tht, comprc3'ti(,r and

tension reinforcemonl:
'd•i • dyntimLtc do-tigni :.,treos for the reinforeume1n:t

I1 • patn heigil:
vt , m.twufium vulovity of Lihe post-fat lr, t1 r1Inna ~t

Mipuase cooffut fu ount
C pofit:-i tl.l uce fragment c c efic;i YIL

A. 3 L Lu o . Lt. r .o S 'o rch

A nU!ib, r of doc umontott wore revIewed Ifor 'o ltrmat L:ion IertinoinL to
.lfil iro•'t i aunld oL t I Itt o i: thuii doc uomeoLo it pIrest.oeicd heru as Tabl' A-i.
III mid I. tIon tLo provldl0ig di•t oi0 tovtHl tvt' reinforced coi'u'tireL thoeo re-
potrta Ii )toIovidtd Inftorut .ivon on aruotin ocl. 1 w4: tie utit or d, c foriied relnti-

) or',unwiot w J ro to nihi mtii tto fuul1.1-si -r• In •" f muetlt bhlo s ; pired1Cbtivye tech-,
iMiqjuos for u. jictllt Jog the fragmonta.tt:ionhc totle, of vel.nforcud
e o c1C ut t•k r vl t. I w1, ; ro'I CtCi v • tLC nlquV for I. l t, u l otllg ,P71 IM 'T't)?,1111

thull.kutSO 1nti voLw it.y for btaLt-t.oided tltcol.crete Iol s8 wtLluout rolonforce-
iiltnt; aod a1 ct'ti0 l (I.Ltj igno f F re intfor'cot'd ioot.rLte t u ud ui ftoln ry d ividing wal.t.ii.
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The information found in the literature was used as a basis for the
model analysis developed by SwRI for reinforced concrete walls, the test
plan developed to validate the analytical results, and the performance of
the validation tests and the associated data reduction.

A.4 Model Analysis

The model analysis for fragmentation of reinforced concrete ele-
ments overloaded by blast impulse is presented in this section. The model
analysis begins with a description of the pertinent geometry, constitutive
and mechanical properties for the problem at hand. The next step is to
derive the nondimnoniornal pi terms from the previously developed list of
parameters. The similitude relatLonsbips are summarized and a discussion
oif the requirements for replica modeling is presented. The implications

of the model analysis and potential problems are aescribi2d.

Table A-2 presents the list of parameters for the problem uf frag-
wentation of reinforced concrete dividing walls overloaded by blast im-
pulse. For convenience, the pari-r-aters are categorized by the concrete,
rebar and explosive source characteristics and responses. The parameters
descr.ib:iu6 the concrete, rebat, and the explosive source are self-explana-

tory; however, the ruspouu. parameters require furtnei clarification. The
damage causcid to the pancl consists of (a) fragmentation and (b) distoc-
Lion of the romainitn panel. Distortion of tbt panel. rev.mant can be chav-
acterizud by deflection, rotation and strain of LhL. concrete and steel
components. The fragmentation response may be characterized by the frag-
ment velucity, umiso, dimurtsion ronge, trajectory angle aind the number of
fragmunts, Obviously, the fragmentu emurginz from the dilviding wall. are
not identical. so the parameters vf, m1, di-, ff represent average frag-
ment. characteristics, aind statistical distributiou functions, t, will be
used to represent the varability in Lihe fvatgment charoc.teristics,

The second step in performing a model analystis is to develop the
swh ImI itude reli t 'Lonsh Lips. These relationshi.,ps are nondi.mewi I aln r1aLos
of physical parameterii, such as thoue lisfed In Table A-3, wlich must be
he.re. invarian butwouen the modl :ind prototype hys5teirs if thO; model ticalu
tLut ronults are to be repvesonta Live of thu fu/ll-scale. ru,;ponsos. '11,e
p)rOcedUriiv for ob La iing the ncitrl.melt~lonal ratJa1c, o nd it f:)rmnat discus-
1,ion of thieir applica ion Iii given in Rnference 7. Luo'id., Tn t'e ference
8, providuri a iter-by-ktep dnscr.pL.'.un of the proceduro for ibALaniing
the nondimensiLonal raLtoj foe' the problem of dividing wall fra,,entntin
"f;:inc'. the rnchanism for deriving the nondimn,.slovial ratiu (pi turtis) Iii
Lc adequateLy expLti.ened in these ruftr.nc~ts oly the rusunlting terw' ai,:'u
pruunted itr tChis report., 'Tabic A-3 lltf the pi terod for hu divld:.ng
,.tnd fra~inmt..,,ratton problo,, .n I-i hIl .s tabLe, the Lomitoam Atre Frouped atC.--,

cording tho th type (:) nli..ar'ity resi)roonted,

'lle first f'ou r pi. Lernmo ani t. enns itli1 through "v22 are ntntomv,ýOit
of goometric similarity . V'i toun 5 reulates the deanity of the rehar to
thatit of the cnt':onLao. Thou, alI1 deonittos mumt h•e avaled by the stame
f. tr Lu b y, Ic twtln th. itidel nd prot L type eaystte-s, Pi. tcur'm 7, 8, 9,

I,
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Table A-2. List of Parameters

SYHBL MSO

concrete

characteristic dizer~4ion (span, thickness) L CL

aggregate fire 
LAL

dsnsity 
cF/

Compruessive strength
T F/L2

terdil.e strength T 7/L 2

dlastic sociuius

poisson's ratio C

Robot

characteristic difienliOn (diater, spacing) L r

rainfottuitlot ratio rt r

density 
t 72L

ultimaate strength 
v a F/L 

2

tensildl strengthT 
F/2

*"stay in source 
wF

standoff 4:16LARcAS 1

blast prosoure

bias impuise 
T/

loading v.A* T

Re ci' no*5

dpflactiati of ocincrotiv

dgfow~tal of r4460 6)1

rotation of robot 
-

ivtraiii in CUI%0t~t5ft

attainl it, r04

trajectory sanw.~

distribucioli funnr.IOic

Lv~rart.w Vlearu tir-itiv Li*d1 1

ftKtUMan 446it 
LflSS1

[lumber vit fragoents N1



VI

Table A-3. List of Pi Terms

.4.A

* LA l geometric sifilarity

Iw PC /W

ac/

I

17 0 c c•

12 a

t - pitI W

it , ilr.i'0 1 y W eplasi-40 blast output
- D /C ,A

I w * D~o/i•
! *

17 a

S, . S2I "

21

22 - ILL2L

2 C co itoumt vL s similaritty of the lesponhlsl

I -

'1/
9 *

7 , kiematta similarity

( 1 *
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10 and 11 require that the strength and moduli of the concrete and steel
be scaled by the same factor, p. Ideally, this implies that the stress-
strain curve of the concrete and steel should scale between the model and
prototype. Additionally, •24, 725 and u12 require that the strain in the
concrete and steel, and Poisson's ratio of the concrete all be invariant
between model and prototype systems. The only practical way to maintain
the invariance of the density, strength, strain and Poisson's ratio be-
tween the two systems is to construct both the model and prototype out of
the same materials. A model of this type is called a replica model. Ob-
viously, to maintain geometric similarity as well, not only is it neces-
sary to shrink down the rebar size and panel dimensions, it is also neces-
sary to use scaled concrete aggregates. Scaled aggregateb in modeling of
reinforced concrete has been succe=isfully employed by a variety of re-searchers to predict full-scale penetration by missiles as well as wall

fragmentation accurately.

The requirements for similarity of the explosive charge are given
by pi terms 6, 13, 14, 15 and 28. Pi term 6 can be used to fix the scale
factor of the energy in the explosive source. Since the scnle factor for:
the geometric length is X and for stress is i, the scale factor for energy
must be X3Ak. For a replica model, p is 1.0 and the scale factor for
energy is X3 . Similarly, the scale factors for blast pressure, tmpulso
and loading time can be established from terms 'ir 3 , t l4, nd as 1.O,
y'½A, and A (y/p)½ (1.0, A and X for replica modeling).

The scale factor for mass and velocity can be derived froit 'ir2 6 and
7r2 , respectively. The scale factors for these quantities are A3 y and y-
(X3 and 1.0 for replica modeling). The scale factors for all physical
quantities are sunmnarized in Table A-4. Although the intention is to
build replica models in tiLs program, the scaling law for a dissimilar
model is given in the table. Note that an entry of 1.0 in the ra'le -Im-
plies that this parame•ter, e.g., pressure, ih. the oame in the model and
the prototype. The model, analysis can be used to suggest a possiblo re-
presentation of the physical process o•f wall fragmen tat ion. Th'li.n Is done
by grouping the response parameters togetLhr on the left side ofe an
equatity and the remaining parameters on the right i' ide:

/ 3 ,

(RFXSI'()NSFS) - C I ...... ~ (A-3)

Relipollm)ahmel 1asured duringLi h program cons .Hm1 th of( ig":hio CaHgf 1:110
I11118,1 ye 1 iociLy, d Imnllenulo l, l size an1d 71a1)ge, and he' nuMllbl) ' of a Vag Ni Lu 1.
gu 1ceraitedv BCltCauH Of :he 1 .0 rge qua tit IL y of datia oh lal.ic d In tiie Lt, jLj,
attL mpts Lo corre~late tih daLa Wi thi tie Lu at condM. tilnIM shulOd C' )n aiim L
of two pnarts:

e t,'orruelotl fon of' maximum ruepoltm, s (mlx hmimimsle vhlocity,
l1iX11 -iltilm rang11,e0, Vt r. )
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Table A-4. Model Law for Dividing Wall Fragmentation

Replica Scaling Dissimilar Material
Parameter Law Scaling Law

Lengths A

Angles 1.0 1.0

Densities 1.0 ,

Strengths, moduli 1.0

Poieson's ratio 1.0 1.0

Strains 1.0 1.0

Velocities 1.0

Mass A3 y

Reinforcement ratio 1.0 1.0

Explosive energy X3 3

Pressure 1.0 1.0

Impulse X

Time X \(Y/*)'•

Number of fragments 1.0 1.0
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* statistical distribution of the fragment characteristics
(mass, range).

A functional format re'ating the above responses and parameters describing
the concrete wall and the explosive charge is given in equation (A-4):

VL

R f CR A-4)

Nf

*p(M)

where ML - largest recovered fragment mass
, - largest fragment velocity

- largest fragment range
Nf a total number of fragments recovered
*(M) - fragment mass distribution
*(R) - frapgent range distribution
ITOT - total impulse delivered to the wall
W - charge weight
Rs a rebar spacing
Cc - concrete thickness covering rebar
nee a number of supported edges of the panel

.go

4,,J

a9



REFERENCES

1. Petino, C., Jr., "Sensitivity of Cased Charges of Molten and Solid
Composition B to Impact by Primary Steel Fragments," Technical Re-
port No. 4975, Picatinny Arsenal, June 1976.

2. Kot, C. A., "Spalling of Concrete Walls Under Blast Load," Trans-
actions of the 4th International Conference on Structural Mechanics
in Reactor Technology, Volume J(b), Paper 10/5, San Francisco,California, August 1977.

3. Kot, C. A., Valentin, R. A., McLennan, D. A. and Turula, P., "Effects
of Air Blast on Power Plant Structures and Components," Argonne
National Laboratory, Report ANC-CT-78-41, October 1978.

4. Rinehart, J. S., Stress Transitions in Solids, Hyperdynamics, Santa
Fe, New Mexico, t1.75.

5. Davids, N. (ed.), International Symposium on Stress Wave Propaga-
tion in Materials, Interscience Publishers, Inc. New York, New York,
1960.

6. Department of the Army, "Structures to Resist the Effects of Acci-
dental Explosions," TM 5-1300, U. S. Government Printing Office,
Washington, D.C., June 19694

7. Baker, W. E., Westine, P. S. and Dodge, F. T., Similarity Methods .

in Engineering Dynamics, Hayden Book Company, Inc., New Rochelle,
Now Jersey, 1973.

8. Baker, W. E., Explosions in Air, The University of Texas Press,
Austin, Texas, 1973.

iI ,



A.

APPNDX.

111 Q' WWI



TEST SUMM~ARIES FOR CANTILEVERED WALLS
NOMINALLY 50 iiu (2 in) THICK
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Rebar
Test Spacing Thickness W R
No. (mm) (mLm) _kL (mL Summary

50.8 52.39 0.277 0.152 Charge was centered
vertically behind the
wall. Wall was blown
down by the blast but
it did not start to
fragment until the wall
had started to collapse.

Fragments were directed
into the sand within a
few feet of ground zero
and skipped downrange.

2 50.8 53.97 0.227 0.076 Charge was centered
vertically behind the
wall. Center of the
wall was blown out by
the blast. Fragments
traveled parallel to
the ground surface be-
fore coming to rest.

4 50.8 53.97 0.454 0.183 Charge was positioned
1/3 of the way up the

bottom of the wall.
Wall sheared off com-
pletely at the base.
Approximately half of
the wall was still at-
tached but severely
cracked and traveled
about 3.0 meters down-
range.

9 50.8 50.8 0.454 0.183 Wall sheared off com-
pletely at the base
and traveled about 4.9
meters downrange. Wall

broke up into three
major pieces but all
three pieces %vere still
attached to one another
by the rebar. The top
"half of the wall. (green
and blue quartero) were
almost intact. A large
nunber of charge-side
fragments were found in
the pit.
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Rebar

Test spacing Thickness W R
No._ (ME) () (k) ( Summary

3 25.4 57.15 0.227 0.127 Wall was broken at the
base and at the center
but did not shear off.
Majority of the frag-

ments originated from
the center of the wall
and were ejected normal
to the wall surface.

5 25.4 52.39 0.454 0.183 Wall sheared off at the
base; however, the ver-

'1 tical reinforcement on
the charge side remained
attached to both the
wall and the base. Ma-
jority of the fragments
came from the lower por-
tion of the wall near
the base.

8 25.4 52.39 0.454 0.183 Wall broke at the base
but did not shear off.
Wall had a horizontal
break approximately 28
cm from the top of the
wall. Fragments ori-
ginated from the center
of the wall; however, a
number of charge-side
fragments were found in
the pit.

14 25.4 52.31 0.227 0.147 Wall cracked at the
base and slumped over
about 300. Only three
fragments were produced
and these originated
from the center of the
wall.

15 25.4 52.39 0.454 0.147 Wall cracked at the
base and completely
collapsed. Wall was
attached to the base
by the vertical rebar.
Majority of the frag-
ments originated from
the center of the wall.
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Rebar
Test Spacing Thickness W R

No. (mm) (mm) g () Summary

13 50.8 53.97 1.361 0.320 Wall sheared of f cornm
pletely at th~e base. 4

Wall was uniformly cut
about 7.62 cm below A,

the center of the wall.
Upper portion flew a-

bout 14 m downrange.
Upper quadrants (blue
and green) were attached
to one another and did
not fragment even though
they did crack. Wall
section skipped eight
times before coming to

rest.

A
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TEST SUMMARIES FOR CANTILEVERED WALLS
NOMINALLY 80 mm (3 in) TRICK
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Test Reb ar uay

Tot Spacing Thickness Sum

No. (m)(kg) (m)__

6 25.4 80.96 0.454 0.183 Wall failed at the

base but did not shear
off. Center of the

wall was well broken
up and the majority of

the fragments came from

the center of the wall.

7 25.4 80.96 0.454 0.147 Wall failed athebs

4 but did not shear off.
Majority of the f rag-
ments came from the cen-

ter of the wall. This
test was a repeat of

Test No. 6 but with a

higher impulse. More
fragments were produced
and the f ragments had a
lalrger average mass and
a greater range than

those observed in Test

No. 6.

16 25.4 80.96 0.454 0.183 Wall failed at the bas~e
and f ell forward, but
did not shear off. Very
few fragments were pro-
duced and xwst came from

the charge side. No

fragments from the back-

side of the wall wereproduced.

but did not shear off.

A, large number of f rag-
ments were produced,
the majority coming from

the lower portion of the
wall.
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Rebar
Test Spacing Thickness W R
No. N (kit) gM) Summary

V|

10 50.80 77.79 0.454 0.183 Panel sheared off at the
base. Panel was broken
into two pieces with the
larger piece landing a-
bout 0.7 m into the pit
and the small piece land-
ing just inside the edge
of the pit. Most of the
fragments came from the
lower center of the panel
(red and white quadrants).
Upper part of panel was
intact (green and blue
quadrants).

11 50.80 76.20 0.454 0.147 Panel sheared off at the
base and landed about 1
m into the pit. The top
portion of the panel
(green and blue quadrants)
were still attached; how-.
ever, there was a crack
between the two quadrants.
Portions of the red and
white quadrantg vere still
attached to the base by
the rebar. Most of the
fragments came from the
lower center section of
the panel (red and white
quadrants). Three frag-
ments landed outside of
the recovery pit on the
left hend side.

12 50.80 80.96 0.454 0.127 Wall sheared off at the
base and the upper two
thirds landed 2.1 m down-
range. The upper quadrant
(blue and green) was basic-
ally intact but was cracked
at that center. Large num-
ber of fragments were pro-
duced and several large
fragments traveled approxi-
mately 18 m.
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Rebar i eW

Test Spacing Thickness (

No. - irIL_ AIS a

18 50.80 80.96 1.361 0.219 Wall completely sheared
off and was broken up
extensively. Large frag-
ment from white quadrant
flew 15 m. Large blue

and red fragment flew 17

m. Several large frag-

ments (red quadrant) flew

about 31 m (next to back

fence). Backstop at
fence had numerous frag-
ment hits.

I
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Rebar
Test Spacing Thickness W R
No. (U) (kt W S(uma ry

24 25.4 50.80 0.454 0.183 Lower center of the
4 24 25.4wall waa blown out,

leaving the rebar on

each face. The upper
0.3 m of the panel were

relatively intact, ex-

cept for a vertica"
crack at the wall mid-
span and cracks at the

edges of the side re-
tainers. Relatively
few fragments were pro-
duced and the majority
of those produced were

relatively small and
only about as thick as
the rebar cover.

26 25.4 55.56 0.454 0.146 Wall was well broken
up but did not shear
off. Wrall was severely

cracked at the sides

and translated forward

but the rebar held it
to the frame. Majority
of fragments are from
the lower center (red

and white quadrants).

30 25.4 52.39 0.454 0.219 Wall did not shear off

but was severely broken
and had a large vertical
crack at the center.
Sides at the restraints
were also cracked sevare-
ly. Center of wall trans-

lated towards the pit and

the wall ended up being

"IV" shaped. Majority of
fragments are red and
white with a fes green.
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Tes t Spacing Thickness W R
No. (mm (am) aa)

K35 25.4 50.80 1.361 0.387 Wall was completely
sheared of f at the
base and sides and
flew 26 a downrange.
Wall was broken ver-
tically and horizon-
tally but was relative-
ly intact. Fragments
flowv outside of sand-
pit and some hit the
plywood backstop at
fence.
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Rebar
Test Spac ing Thickness W R

23 50.8 50.80 0.454 0.183 Wall sheared off corn-
pletely at the base
and at the side re-
straints. Large fec-
tiot, of upper wall
(blue and red quad-
rant) landed about
1. m, in the pit. A
latge piece, mostly
green and sooke white,

landed about 2 m into
the pit. Concrete
was stripped off of
the rebar at some
places.

20,50.80 0.454 0.146 Entire exposed po'tion

of the wall was blown
down out of the frame.
One large piece (mostly
blue with some red)
traveled 7 m. A second
large piece (mostly
green) went 8 m. The
blue fragment hit at
4.5 m and rolled the
rest of the way. The
green fragment hit and

also rolled. There
was a very large angu-
lar disparsion of frag-
ments. Many fragments

were found outside of
the sand pit (especially
to the right) and several
fragments hit the back-
stop at the end of the
sand runway.

31 50.8 50.80 0.454 0.219 Wall did not shear off
but was again cracked
in the center ("V"
shaped). Sides at the
restraints were cracked.
The majority of the r
fragments originated
from the lower center of '4
the wall.
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Rebar
Test Sp• tin& Thickness W R

-0 (M) ~ L AMaL JLM

32 50.8 53.97 0.454 0.219 Wall was completely

brokern in half at the
center but remained
attached at the side.
by the rebar. Wall
is in a "'V" shape with
about a 2.5 cm sap at
the top of the Vee.
Few fragments were
produced, mostly red
and white. Large num-
ber of fragments on
the charge side but
all fell at the base.
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TEST IUMMARIES FOR THREE SIDE SUPPORTED WALLS
NOMINALLY 80 mm (3 in) THICK

11
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Rebi T

Test Spac ing Thickness W R

ISO. (ms o (g i) uwr

20 25.4 80.96 0.454 0.146 Wall is cracked at the
base and at both side
restraints but did not
shear off. Wall has a
vertical crack at the
midspan. Majority of
the fragments are from
the wall's lower center
(white and red quadrants).
Some fragments were pro-
duced from the upper
quadrants (blue and green).
The white quadrant frag-
ments •re mostly the rebar
covering.

21 25.4 77.79 0.454 0.128 Wall is cracked at the
base and at the side re-
straints but was held in
place by the rebar. Wall
has a vertical crack at

Sthe midspan. Major ity of

the fragments were \from
the lower center; however,
some fragments were pro-
duced from the upper quad-
,rants.

33 25.4- -- 7-779 0.454 0.219 Wall has a vertical crack
at the center and is
cracked at the sides but
is relatively intact. No
large fragments of any
color. Wall has a 4 inch
circular area broken up
on the charge side (con-
crete cover over the re-
bar is broken out).

34 25.4 79.38 0.454 0.183 Wall has a vertical crack
at the midspan and is
cracked at the side re-
straints. One edge of

.the break is displaced a-
bout 2.5 cm. Very few
fragments were produced.
Charge side is well broken
up but fragments fell at
the base.
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Rebar
Test Spacing Thickness W R

(MM) (mm Summary

36 25.4 77.79 1.361 0.320 Wall was completely
sheared off at the
base and sides. Two
large pieces flew down-
range. One piece, the
green and white half,
landed 17 m downrange
and approximately 1 m
on the left side out-
side of the recovery
pit. Blue quadrant,
with about 5 cm of the
red quadrant, flew ap-
pr~oximately 4.3 m down-
range.
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Rebar
Test Spacing Thickness W R
No. (mm) (mm) M Summary

19 50.8 80.96 0.454 0.183 Wall sheared off on

both side restraints
and at the base but
was held by the rebar.
Wall had vertical crack
at the midspan and was
well broken up. Most
of the fragments were
from the lower center.

Charge side is also well
fractured but most of
these fragments remain-
ed on the charge side

at the base of the wall.

22 50.8 80.96 0.454 0.1.46 Wall is completely frac-
tured and the upper part
"sheared off at both side
restraints and translated
approximately 20 cm.
Lower part of wall is
still attached at the
base by the rebar. Wall
has a large vertical
crack at the midspan and
most of the fragments are
from the lower center.

27 50.8 77.79 0.454 0.219 Wall did not shear off.
Wall has a vertical crack
at the center and cracks
at each side (support
sides). Fragments are
from the lower center and 'h
are mostly red with some
white and a few blue.

28 50.8 76.20 0.454 0.198 Wall did not shear off
but has a vertical crackat the center. Wall is
cracked at the restraints
but not broken up badly.
Very few fragments . The

fragments are from the
"lower center (mostly red
and white). A small pile
of fragments found on the
ground at the base (back-
face side).

I Il
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Rebar
Test Spacing Thickness W RNo. (MM) (Mm) kg (M S~u mmaryx

29 50.8 77.79 0.454 0.160 Wall did not shear off

but has a vertical crack
at the center and the
sides are cracked at the
restraints. Hole blown
out oi the lower center
of the wall. Majority
of fragments are red on
white.

A
Ki
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